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Role of a3b1 integrin in tubulogenesis of Madin-Darby canine aggregates. Using this model, Montesano et al demon-
kidney cells. strated that hepatocyte growth factor (HGF) markedly
Background. We isolated several Madin-Darby canine kid- induced the formation of polarized, elongated, andney (MDCK) subclones that exhibit different degrees of
branching tubule structures in MDCK clone II, 3B5 cellsbranching tubulogenesis in lower concentrations of collagen
[1]. In addition, a number of growth factors, such as epi-gel. The M634 clone formed cell aggregates in 0.3% collagen
gel, but developed branching tubules vigorously in 0.1% colla- dermal growth factor (EGF), transforming growth fac-
gen gel. In contrast, the Y224 clone formed cysts in 0.3% tor-a (TGF-a) and insulin-like growth factor-1 (IGF-1),
collagen gel and displayed fewer branching structures in 0.1% can activate the cellular machinery that mobilizes thecollagen gel. Morphologically, M634 cells exhibited higher lev-
cell to facilitate branching tubule formation in variousels of cell scattering as well as collagen-induced cell migration
cell lines [2, 3]. Among them, HGF is the most potentthan Y224. We conducted this study to delineate the underlying
mechanism of branching tubulogenesis in M634 cells. tubulogenic factor for MDCK cells [1]. It has been estab-
Methods. Components of the focal contact machinery were lished that HGF-induced activation of urokinase activity
analyzed in both cell lines, including the extracellular matrix
and augmentation of urokinase receptor mRNA expres-glycoproteins fibronectin, laminin, and vitronectin; cytoskele-
sion are involved in the formation of branching tubuleston-associated elements a-actinin, talin, and vinculin; and re-
ceptors for extracellular matrix and a2, a3, a5, av, b1, and b3 [4]. Increased urokinase receptor expression may serve
integrins. Furthermore, we established several stable transfec- to recruit and activate urokinase, and thereby provide a
tants of a3 integrin antisense RNA in M634 cells to examine focalized activation of matrix metalloproteinase to cleave
the role of a3b1 integrin in branching morphogenesis directly. the extracellular matrix and ultimately facilitate the de-Results. There were no obvious differences in levels of the
velopment of branching morphology. On the other hand,focal adhesion complex proteins between M634 and Y224 cells,
except that the content of the a3 and b1 integrins were 1.2- and we have demonstrated that the deposition of fibronectin
0.6-fold higher in M634 cells, respectively. The expression of matrix around the tubule wall is indispensable for HGF-
a3 integrin antisense RNA significantly lowered the levels of induced branching morphogenesis [5].
a3 integrin mRNA and protein. The potential of cell scattering, We were able to successfully isolate several clonesmigration, and branching tubulogenesis in M634 cells was in-
that consistently formed either cell aggregates (M clones)hibited according to the decrease in a3 integrin expression.
Conclusion. Our data indicate that expression of a3b1 integ- or cysts (Y clones) in 0.3% collagen gel for at least four
rin regulates cell scattering, migration, and branching tubulo- to five passages. Interestingly, when these lines were cul-
genesis of MDCK cells, possibly via adhesion to or serving as tured in a lower concentration of collagen gel, M cellsa signaling molecule for type I collagen.
developed branching tubule structures, whereas Y clones
remained mainly cystic structures. The tubule formation
of M cells did not require the presence of HGF, suggest-Madin-Darby canine kidney (MDCK) cells grown in
ing that new mechanisms might be involved in MDCKthree-dimensional collagen gels formed mostly multicel-
tubulogenesis. We therefore investigated the possiblelular cystic structures and occasionally some multicell
mechanisms whereby M clones exhibited characteristics
of tubulogenesis.
First, the components of focal contact machinery inKey words: anti-sense RNA, collagen gel, cell migration, branching
tubulogenesis, type 1 collagen, growth factors, morphogenesis. both lines were analyzed, including extracellular matrix,
cytoskeleton-associated elements, and receptors for ex-Received for publication July 14, 2000
tracellular matrix. The results from Western blot analysisand in revised form November 14, 2000
Accepted for publication December 1, 2000 of the components of focal contact machinery in these
clones revealed that the protein contents of a3 and b1Ó 2001 by the International Society of Nephrology
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integrin were in higher M than Y clones. a3 Integrin is antivinculin; Sigma, St. Louis, MO, USA) [26], and
expressed during the development of epithelial organs, TA205 (mouse antitalin; Biogenesis, Poole, UK) [27].
including the kidney, lung, and skin [6, 7]. In the kidney, The following lists are polyclonal antisera used in this
a3b1 integrin is present on ureteric buds and their deriva- study: rabbit anti-a2-integrin (Biogenesis) [28], rabbit
tive collecting ducts and glomerular endothelial cells, anti-a3-integrin 8-4 (a gift from Dr. C.M. DiPersio) [29],
and are found most prominently on glomerular visceral rabbit anti-b1-integrin 210 [29], rabbit anti-avb3-subunit
epithelial cells or podocytes [8–11]. A number of studies (GIBCO BRL) [30], rabbit anti-a5b1-integrin (GIBCO
have defined multiple ligands for a3b1 integrin, including BRL) [31], and rabbit anti-a-actinin (Sigma), and rabbit
laminin, collagen, fibronectin, and entactin [12–17]. The antifibronectin, laminin, and vitro-nectin (Biogenesis).
usual basolateral distribution of a3b1 integrin on the epi- Fluorescein (FITC)-conjugated anti-rabbit and anti-mouse
thelial cells and its binding specificity support its role as IgG and Texas red (TRSC)-conjugated anti-mouse IgG
a receptor for the basement membrane. In addition, a3b1 were purchased from Sigma. Horseradish peroxidase
has been implicated in both heterophilic interaction with (HRP)-conjugated anti-rabbit and anti-mouse IgG were
a2b1 [18] and homophilic interaction in cell–cell adhesion purchased from Jackson ImmunoResearch Lab. Inc.
[19]. Recently, it was reported that homologous deple- (West Grove, PA, USA).
tion of a3b1 integrin resulted in a defect in the develop-
ment of lung and kidney, with the latter showing a defi- SDS-PAGE and Western blotting
ciency in branching morphology of collecting tubules Cells grown in collagen gel were harvested by incuba-
[20]. However, the underlying mechanism is still unclear. tion with collagenase (2 mg/mL) at 378C for 20 minutes.
Our study explored the role of a3b1 integrin in branching The released cells were gently collected by low-speed
tubulogenesis by MDCK cells. centrifugation (500 3 g for 3 minutes), washed twice
with PBS, and homogenized by sonication in a buffer
containing 50 mmol/L Tris-HCl, pH 7.4, 100 mmol/LMETHODS
NaCl, 1 mmol/L benzamidine hydrochloride, 1 mmol/LCell cultures
ethylene-diaminetetraacetic acid (EDTA), 20 mmol/L 6-
Madin-Darby canine kidney cells were maintained in amino-n-caproic acid, 2 mmol/L phenylmethylsulfonyl
culture and serially passed in Dulbecco’s modified mini- fluoride (PMSF), 0.1% sodium dodecyl sulfate (SDS),
mal essential medium (DMEM) containing 10% fetal and 1% Triton X-100. All of these homogenates were
calf serum (FCS), 100 IU/mL penicillin and 100 mg/mL stored at 2808C prior to being analyzed.
streptomycin at 378C in a humidified 5% CO2 atmo- Protein extract (30 mg) from each sample was resolved
sphere.
by SDS-polyacrylamide gel electrophoresis (SDS-PAGE)To investigate the mechanisms of morphogenesis,
and electrophoretically blotted onto nitrocellulose papers.MDCK cells were cultured in type I collagen gel ac-
The nitrocellulose paper was incubated with primary anti-cording to the methods described previously [21]. To
body, and immunocomplexes were detected with horse-harvest cells from the collagen gels, the gels were incu-
radish peroxidase (HRP)-conjugated goat anti-mousebated with collagenase [2 mg/mL phosphate-buffered
(or anti-rabbit) IgG antibody (1:10,000 dilution). Theysaline (PBS)] at 378C for 15 minutes. In an effort to
were then made visible by fluorography with enhancedobtain pure cystic or tubule forming subclones, we iso-
chemiluminescence detection kit (ECL; Amersham In-lated cells derived from either a single MDCK cyst or a
ternational, Arlington Heights, IL, USA). The resultingmulticell aggregate by using methods of microdissection
fluorographs were analyzed by a scanning densitometry.and cell cloning, as described previously [22]. The proce-
dures were repeated for at least four to five passages to Flow cytometry
ensure the homogeneity of the subline. Several clones
For flow cytometry analysis, MDCK cells were har-consistently developing either cell aggregates (M) or
vested using trypsin/EDTA. Single-cell suspensions werecysts (Y) in 0.3% collagen gel were successfully isolated.
resuspended in medium at 48C and incubated with aCell counts were made using a hemocytometer, and cell
saturating concentration of anti-integrin antibody for 20viability was determined by trypan blue dye exclusion.
to 30 minutes. The cells were then washed in cold buffer,
Antibodies incubated with FITC-conjugated secondary antibody for
30 minutes on ice, and filtered through 75 mm nylon meshThe following monoclonal antibodies were used: P1B5
(Becton-Dickinson, Lincoln Park, NJ, USA). Immedi-(mouse anti-a3-integrin subunit; GIBCO BRL, Grand
ately before analysis, propidium iodide (5 mg/mL) wasIsland, NY, USA) [23], ASC-1, ASC-6 (mouse anti-a3-
added for viability gating. Finally, the cells were analyzedintegrin subunit; Chemicon, Temecula, CA, USA) [24],
by a FACScan (Becton-Dickinson System, MountainDE9 (mouse anti-b1-integrin subunit; Upstate Biotech-
nology, Lake Placid, NY, USA) [25], hVIN-1 (mouse View, CA, USA).
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Cell migration assay media (GIBCO BRL) according to the manufacturer’s
instructions for transfection of adherent cells. In addi-For migration assay, cells from monolayer cultures
tion, pSG5a3(1) sense plasmid and ptkneo were alsowere treated with 0.2% trypsin/EDTA, washed once
cotransfected into cells as a control. After 24 hours, thewith serum-free media containing 0.05% soybean trypsin
medium was replaced with DMEM containing 10% FCSinhibitor, and resuspended in serum-free media. The mi-
and incubated for another 24 hours. Subsequently, cellsgration assay was performed using a 48-well modified
were trypsinized and replated in standard culture me-Boyden chamber (NeuroProbe, Inc., Gaithersburg, MD,
dium containing 500 mg/mL of G418. After three weeks,USA) with the lower chambers filled with serum-free
G418-resistant cells were trypsinized and cloned by lim-media containing rat tail collagen (10 mg/mL), as de-
ited dilution.scribed previously [32]. Polycarbonate filters with 8 mm
pore size were used as the membranes separating upper Northern blot hybridization
and lower chambers. Each well was plated with 1.25 3
The method for Northern blot analysis has been pre-104 cells in 50 mL serum-free media. The Boyden cham-
viously described [35]. The specific mRNA immobilizedber was placed at 378C in a humidified 5% CO2 atmo-
on nitrocellulose filters was detected by hybridizationsphere. After six hours, cells on the upper surface of
with canine a3 integrin cDNA probe, which had beenthe membrane were removed using a cotton swab. The
radiolabeled with 32P by random primer labeling.membrane was then fixed with methanol for eight min-
utes and stained with methylene blue for one hour Statistics
(Sigma Chemical Co.). The cells on the lower surface
All data were expressed as means 6 SE. Differenceswere counted under a light microscope at high-power
between groups were determined according to the Stu-magnification (340). Multiple fields (four to eight) were
dent t test, and a multigroup comparison was determinedcounted for each well.
by one-way analysis of variance (ANOVA) and was con-
sidered significant when P , 0.05.RT-PCR, DNA sequencing, and plasmid construction
Total RNA was isolated from culture MDCK cells by
a standard guanidium-isothiocyanate extraction method. RESULTS
Reverse transcription (RT) and polymerase chain reac- We obtained cDNA containing a 582 bp segment of
tion (PCR) were performed using a commercial kit (RNA canine a3 integrin. The canine a3 integrin sequence was
Amp; Perkin-Elmer, Norwalk, CT, USA). Primers to am- approximately 92 and 89% homologous with human and
plify a 582 bp segment of canine a3 integrin cDNA were murine a3 integrin cDNA, respectively (Fig. 1) [33, 34].
designed as follows: sense primer 59-TTCAACCTGG It has been well established that MDCK cells grown
ATCCCCGATTCCTGGT-39 (nucleotides 170 to 195 in in 0.3% type I collagen gel form polarized epithelial
human a3 integrin cDNA) and antisense primer 59-CAT cysts [21, 22]. Under the same conditions, cell aggregates
GTAGCTGGATCCTTTCCAGTG-39 (nucleotides 727 without an obvious central cavity could also be observed.
to 751 in human a3 integrin cDNA) [33]. The amplifica- We reasoned that cells in these aggregates might exhibit
tion conditions were as follows: first 958C for two min- a different phenotype from cells forming cystic struc-
utes, followed by 35 cycles of 958C for one minute, 658C tures. Using methods of microdissection and cell cloning,
for one minute, and a final extension at 728C for seven we successfully isolated several clones that consistently
minutes. The 582 bp PCR product was gel purified developed either cell aggregates (M clones) or cysts
through 1% agarose, cleaved with BamHI, and ligated (Y224) in 0.3% collagen gel for at least four to five
into BamHI sites of pSG5 (Stratagene, La Jolla, CA, passages. When Y224 cells were cultured in 0.1% colla-
USA) to create pSG5a3, which was finally cloned into gen gel, they developed multicell aggregates with central
Escherishia coli. Both sense pSG5a3(1) and antisense cavities (Fig. 2A–C). In contrast, M clones exhibited
pSG5a3(2) strands were inserted into plasmid, and the various degrees of branching tubulogenesis in 0.1% col-
sequences of canine a3 integrin cDNA were analyzed lagen gel. Among M clones, M634 cells formed branching
with the ABI Prism 377 automated sequencer. tubules most vigorously. When cultured in 0.1% collagen
gel, M634 cells sent out extensive pseudopods within one
Transfection and clonal selection day (Fig. 2D), developed progressively elongating and
The pSG5a3(2) and ptkneo plasmid DNA were co- branching colonies during the next two to three days
transfected into MDCK cells by the lipofection method. (Fig. 2E), and eventually formed branching tubule struc-
At 40 to 70% confluence, cells were transfected with 5 tures (Fig. 2F–H).
mg/mL plasmid DNA [4.9 mg/mL of pSG5a3(2) and In addition to the different phenotypes in morphogen-
0.1 mg/mL of ptkneo] mixed with 35 mL/mL Lipofect esis, there was a notable difference in morphology be-
tween the M634 and Y224 cells. Y224 tended to formAMINE (GIBCO BRL) in Opti-MEM–reduced serum
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Fig. 1. Comparison of cDNA sequences of canine, human, and mouse
a3 integrin. The sequence of canine a3 integrin is shown along with
differences in the human and mouse a3 integrin genes [33, 34].
Fig. 2. Morphogenesis of Y224 (A–C ) and M634 (D–H ) cells cultured
in 0.1% type I collagen gels. (A) Y224 cells formed mostly cell aggre-
gates within eight days. (B and C) Cross-section view of Y224 cell
coherent islands (Fig. 3B). In contrast, the outline of aggregates under hematoxylin and eosin staining examined by light
microscopy. (D) M634 cells developed pseudopods in 0.1% collagenM634 islands was irregular, and cells tended to scatter
gel within 1 day. (E and F) M634 cells formed branching tubule struc-in morphology (Fig. 3A). These data indicated that M tures within three and eight days, respectively. (G) A long tubule with
clones were more active in motility. Moreover, M634 lumen taken from an eight-day culture of M634 cells in collagen gel.
(H) Cross-section of the M634 tubule formed within eight days inalso exhibited higher scattering morphology than Y224
collagen gel. Panels A, D, E, F, and G were taken under phase-contrastcells when cultured on collagen gel (Fig. 3C, D). To microscopy. Scale bars, 100 mm (F) and 50 mm (A–E and G–H).
assess the cell motility of these clones, a Boyden chamber
transwell assay was employed. The number of cells mi-
grating through the filters in response to type I collagen
none of the protein content was altered in a differentwas markedly higher in M634 than Y224 cells (Fig. 3E).
concentration of collagen gel despite the morphologicalTo understand the molecular mechanism that contrib-
difference. In addition, we analyzed a3b1 integrin con-utes to the difference in phenotype, we analyzed the
tents on cell surfaces by flow cytometry. No a3 integrincomponents of focal contact machinery, including the
could be detected on the cell surface using currentlyextracellular matrix glycoproteins fibronectin, laminin,
available anti-a3 integrin antibodies; however, b1 integrinvitronectin; cytoskeleton-associated elements a-actinin,
levels were higher in M634 than Y224 cells (Fig. 4B).talin, vinculin; and receptors for extracellular matrix a2,
In addition to M634 cells, the branching tubule mor-a3, a5, av, b1, and b3 integrins in M634 and Y224 cells.
phology of other M clones was also examined. As shownCells were cultured in 0.3, 0.2, and 0.1% collagen gels
in Figure 5, M634 developed branching tubules in 0.1%for eight days and then harvested by collagenase treat-
collagen gel most vigorously. Furthermore, we assessedment. As shown in Figure 4A, no obvious difference in
a2, a3, and avb3 integrin levels in these M clones. M634levels of the previously mentioned proteins was found
cells exhibited higher levels of either a2 or a3 integrinbetween M634 and Y224, except the a3 and b1 integrins,
than any other M clones (Fig. 6). The level of avb3 integ-which were 1.2- and 0.6-fold higher in M634 than Y224,
rin did not seem to correlate with the potential of tubulerespectively. The laminin A chain, vitronectin, and a5
integrin were not detectable in either line. Moreover, morphogenesis. These results suggested that a2b1 and
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Fig. 3. Comparison of morphology (A–D) and migration capacity (E )
between M634 and Y224 cells. M634 cells (A and C) and Y224 cells
(B and D) were cultured on plastic plates (A and B) or collagen gels
(C and D), and photographs of their colony morphology were taken
under phase-contrast microscopy. Y224 cells formed connected cell
islands with greater cell–cell association, whereas M634 cells exhibited
higher degrees of scattering. (E) Collagen-induced cell migration capac-
ity of M634 and Y224 cells. Migration assays were performed as de-
scribed in the Methods section. There is a significant difference in the
mean number of migrated cells per high-power field between M634 and
Y224 cells (scale bar, 100 mm).
a3b1 integrin may both be required for tubulogenesis of
MDCK cells in the absence of HGF. Because previous Fig. 4. Comparison of proteins in focal contact components between
studies have already demonstrated the role of a2b1 integ- M634 and Y224 cells. (A) Detection of focal contact components in
the total cell extracts was made by Western blot analysis. Cell extractsrin in HGF-induced branching morphogenesis [28], we
were prepared from cells cultured in 0.3, 0.2, or 0.1% collagen gels forattempted to dissect the role of a3b1 integrin in tubulo- eight days, and 30 mg protein was resolved by 7.5% SDS-PAGE for
genesis of MDCK cells. detecting fibronectin, vitronectin, a2, a3, b1 integrins, a-actinin, talin,
and vinculin, or 5% SDS-PAGE for detecting laminin, avb3, and a5b1To study the role of a3 integrin in tubulogenesis di-
integrins. The laminin B chains (B1 and B2) are present at 210 and 200rectly, M634 cells were stably transfected with a plasmid kD. A third B chain observed in a slightly lower molecular weight than
pSG5a3(2), which had been constructed with a sequence B1 and B2 chains represents the laminin B subunit precursor forms
(pB). Laminin A chain at 400 kD was not detected. (B) Flow cytometryof a3 integrin antisense RNA. Clones pSG5a3(2)#2 and
analysis of b1 integrin subunit on cell surfaces. Y224 (solid line) or#5 exhibited markedly lowered levels of a3 integrin pro- M634 (dotted line) cells cultured on plastic plate for 24 hours were
tein, whereas clone pSG5a3(2)#7 exhibited slightly low- incubated with the anti-b1 integrin antibody, and then a secondary
antibody conjugated to fluorescein, and finally subjected to analysis byered levels of a3 integrin protein (Fig. 7A). Densitomet-
flow cytometry.ric scanning of the blots revealed a 60 to 70% and 45%
decrease in the a3 integrin subunit protein for clones
pSG5a3(2)#2 and #5 and clone pSG5a3(2)#7, respec-
tively. The a2 integrin protein levels were not different
in control and antisense RNA-expressing cells (Fig. 7A),
suggesting that the a3 integrin was specifically suppressed
Jiang et al: a3b1 integrin and tubulogenesis 1775
Fig. 6. Comparison of a2, a3, and avb3 integrin levels in various clonesFig. 5. Morphogenesis of various MDCK sublines cultured in 0.1%
of MDCK cells. These integrins were assessed by Western blot analysis.collagen gel. Morphology of MDCK sublines M634 (A), Y224 (B),
Among these M clones, M634 cells exhibited the highest levels of eitherM132 (C ), M343 (D), M411 (E ), and M532 (F ) cells cultured in 0.1%
a2 or a3 integrins as well as tubulogenic capacity. The level of avb3collagen gels for eight days (scale bar 100 mm).
integrin does not seem to correlate with the potential of tubule morpho-
genesis.
by the antisense construct. Northern blot analysis of a3
integrin subunit mRNA expression revealed a marked DISCUSSION
decrease in the a3 integrin subunit transcript in clone The present study identifies a subline of the MDCK
pSG5a3(2)#2 and #5 and a moderate decrease in clone cells, M634, that spontaneously develops branching tu-
pSG5a3(2)#7 (Fig. 7B), which was compatible with the bule structures in 0.1% collagen gel. Our results show
findings of Western blot. that M634 cells express higher levels of a3b1 integrin than
On normal culture plates, subconfluent cells of pSG5 the cyst-forming Y224 cells. Therefore, the role of a3b1
a3(2)#2 and #5 formed coherent islands with a relatively integrin in cell scattering, migration, and branching tubu-
regular outline (Fig. 8B). The morphology of clone logenesis was explored in M634 cells. A reduction of
pSG5a3(2)#7 was only slightly altered (Fig. 8C). Taken a3 integrin levels by the expression of antisense RNA
together, these results indicated that a3b1 integrin levels resulted in a lowered capability for scattering, motility,
were associated with cell scattering. The migration ca- and branching tubulogenesis in M634 cells. Taken to-
pacity of these antisense clones was further tested by gether, our findings show that a3 integrin may play an
Boyden chamber assays. The cell migration capacity of essential role in branching tubulogenesis in MDCK cells.
clones pSG5a3#2 and #5 was markedly lower, while that Previous reports indicated that enhanced motility of epi-
by clone pSG5a3(2)#7 was only slightly lower than the thelial cells was a prerequisite for the formation of
control clone pSG5a3(1) (Fig. 8G). To assess the effects branching tubules in a three-dimensional culture [36].
of a3b1 integrin in branching tubulogenesis, these anti- The results presented here appear to be consistent with
sense and control clones were cultured in 0.1% collagen this notion.
gels. As expected, the control clone pSG5a3(1) exhib- Extracellular matrix and its receptor integrins are im-
ited branching tubule structures in 0.1% collagen gel as portant for cell migration and branching tubulogenesis,
well as M634 cells (Fig. 8D). Both pSG5a3(2)#2 and #5 and other molecules such as chemokines are also required.
clones failed to form branching tubules (Fig. 8E). Clone HGF is the most potent tubulogenic factor for the MDCK
pSG5a3(2)#7 exhibited shorter tubules with less branch- 3B5 cell [1]. It has been reported that HGF stimulates
ing in collagen gel as compared with control (Fig. 8F). migration of keratinocytes and oral squamous epithelial
Taken together, a3b1 integrin is essential for cell scatter- cells on extracellular matrix substrates through the re-
ing, migration, and thereby the development of branch- cruitment of different integrins, including a3b1, into focal
contacts without altering their a3b1 integrin content oring tubule structures.
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Fig. 8. Comparison of colony morphology (A–C ), morphogenesis
(D–F ), and migration capacity (G) in a3 integrin antisense transfectants.
Morphology of pSG5a3(1) control cells (A) and antisense expressing
pSG5a3(2)#2 (B), and #7 cells (C) cultured on normal plastic plates
is shown. Cell scattering is markedly reduced in pSG5a3(2)#2 cells,
Fig. 7. Expression of a3 integrin protein (A) and mRNA (B) in a3 which exhibit the lowest levels of a3b1 integrin. (D–F) Morphogenesis
integrin antisense RNA stably transfected M634 cells. (A) Western of pSG5a3(1) control cells (D) and pSG5a3(2)#2 (E) and #7 cells
blot analysis of a3 and a2 integrin proteins in control and antisense (F) cultured in 0.1% collagen gel for eight days. The pSG5a3(2)#2
transfectants. From the left: lane 1, pSG5a3(2)#2; lane 2, pSG5a3(2)#5; cells developed solely cell aggregates in 0.1% collagen gel, whereas
lane 3, pSG5a3(2)#7; lane 4, pSG5a3(1) control. The arrowheads pSG5a3(2)#7 cells exhibited shorter tubules with less branching than
show the position of the 215 and 105 kD protein standards. These lines control cells. (A–F) Photographs were taken by phase-contrast micros-
contain an equal amount of a2 integrin, but their a3 integrin levels copy. (G) Assessment of collagen-induced migration capacity in various
are differentially down-regulated, indicating that transfection has been pSG5a3(2) transfectants. Data are shown as percentage control migra-
successfully achieved. (B) Northern blot analysis to detect a3 integrin tion capacity using pSG5a3(1) cells as the control. Each bar indicates
mRNA levels in pSG5a3(1) sense and pSG5a3(2) antisense constructs. mean 6 SE of three experiments in triplicate (scale bar, 100 mm).
The ribosomal (28s) RNA assessed by ethidium bromide staining was
also shown as an internal control to ensure equal loading of total RNA.
The expression of a3 integrin in these transfectants correlates well with
their mRNA levels.
esis in M634, Y224, or the parental MDCK cells, possibly
because these cells do not contain the receptor for HGF,
c-met. In addition, urokinase activity was neither differ-
gene expression [2, 37]. However, no study has examined ent between M634 and Y224 cells nor altered by different
whether HGF also activates a3 integrin or enhances its concentrations of collagen gel (data not shown). Our
expression in 3B5 cells. We found that HGF does not results show that a reduction of collagen gel concentra-
tion from 0.3 to 0.1% is not sufficient for MDCK orstimulate scattering, migration, or branching tubulogen-
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Y224 cells to develop branching morphogenesis. On the in enhanced apoptosis, impaired cyst formation, and fail-
other hand, despite that M634 cells exhibit higher levels ure of HGF-induced branching morphogenesis [28].
of a3 integrin, these cells could not develop branching Their study indicated the significance of a2 integrin in
tubule structures in 0.3% collagen gel. In the absence maintaining cell survival as well as morphogenesis. Re-
of HGF, both a reduced concentration of extracellular cently, we showed that MDCK cells cultured in collagen
matrix and increased abundance of a3 integrin are indis- gel developed apoptosis, and overexpression of Bcl-2
pensable for MDCK branching tubule morphogenesis. prevented apoptosis-induced formation of cyst cavity
Since M634 developed branching tubules in 0.1% colla- [21]. Interestingly, we found that Bcl-2 overexpression
gen gel as vigorously as 3B5 cells cultured in 0.3% colla- per se might facilitate tubulogenesis. Our data support
gen gel in the presence of HGF, these data raise the the notion that the inhibition of apoptosis is required
possibility that activation of a3 integrin could be required for branching morphogenesis in collagen gel. Thus, it is
for HGF-induced branching tubule formation in 3B5 cells. likely that a2 integrin provides survival signals for M634
This line of reasoning is currently under investigation. cells and a3 integrin confers migration cues for branching
The experiments described here suggest that a3b1 in- morphogenesis. However, we cannot rule out the possi-
tegrin is critical for the regulation of collagen-mediated bility that a2 integrin may work in coordination with a3b1
MDCK epithelial morphogenesis. However, whether di- integrin in maintaining cell survival as well as facilitating
rect interactions between type I collagen and a3 integrin cell migration in the execution of their roles in morpho-
initiate tubule morphogenesis is still not clear. An early genesis.
study showed that anti-a3 integrin monoclonal antibody The physiological role of a3 integrin in branching tubu-
(mAb) blocked HT1080 cell attachment to collagen logenesis is further supported by in vivo experiments
type I or VI by nearly 100% [38], but other reports reported by Kreidberg et al [20]. They have shown that
revealed that anti-a3 integrin antibody could either in- transgenic mice carrying a homologous depletion of a3
hibit cell adhesion to collagen by 50% [39] or have no integrin have a profound defect in kidney development.
effect at all [40]. We found that the cell adhesion to The mutant kidney displays markedly decreased branch-
immobilized type I collagen was not different between ing of the medullary collecting ducts. In addition, proxi-
the M634 and Y224 cells, and that RGD peptide was mal tubules in these transgenic mice exhibit two distinct
unable to inhibit cell attachment to type I collagen. A subsets of abnormalities, with the epithelial cells either
decrease in the a3 integrin subunit protein expression containing excess lysosomes or becoming microcystic.
results in no obvious effects on cell adhesion to collagen
Because the early development and branching of ureteric
type I (unpublished observations). In addition, many
buds was not hampered in this transgenic model, it isstudies have also shown that a3b1 integrin does not medi- likely that a3b1 integrin is responsible for the late devel-ate initial cell adhesion to the ligand that induces its
opment of collecting tubules. Considering that a3b1 integ-focal contact localization, including laminin, collagen,
rin is expressed on ureteric buds and their derivativeentactin, and fibronectin [17, 29, 41]. Therefore, it seems
collecting ducts, our data may provide in vitro evidenceunlikely that a3b1 integrin is a primary adhesion receptor
for the functional roles of a3b1 integrin in mediatingfor the extracellular matrix proteins. On the other hand,
branching tubulogenesis during late renal development.we observed that MDCK 3B5 cells cultured in collagen
gel in the presence of HGF actively synthesize and de-
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